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Abstract
The sustained transportation of particles in a suspension commonly results in particle attrition leading to grain size reduction and
shape modification. Particle attrition is a well-studied phenomenon that has mainly focussed on sediments produced in aeolian or
fluvial environments. Here, we present analogue experiments designed to explore processes of attrition in the kimberlite system;
we focus on olivine as it is the most abundant constituent of kimberlite. The attrition experiments on olivine use separate
experimental set-ups to approximate two natural environments relevant to kimberlites. Tumbling mill experiments feature a
low energy system supporting near continual particle-particle contact and are relevant to re-sedimentation and dispersal process-
es. Experiments performed in a fluidized particle bed constitute a substantially higher energy environment pertinent to kimberlite
ascent and eruption. The run-products of each experiment are analysed for grain size reduction and shape modification and these
data are used to elucidate the rates and extents of olivine attrition as a function of time and energy. Lastly, we model the two
experimental datasets with an empirical rate equation that describes the production of daughter products (fines) with time. Both
datasets approach a fines production limit, or plateau, at long particle residence times; the fluidized system is muchmore efficient
producing a substantially higher fines content and reaches the plateau faster. Our experimental results and models provide a way
to forensically examine a wide range of processes relevant to kimberlite on the basis of olivine size and shape properties.
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Introduction
Attrition, driven by particle-particle interactions, results in the
size reduction and shape modification of particles and operates
in a wide variety of geological environments. From the
Engineering Sciences, we identify two modes of attrition that
can operate within a gas/liquid suspension (Bemrose and
Bridgwater 1987; Xiao et al. 2014; Jones et al. 2017): (1) frag-
mentation and (2) abrasion. Fragmentation involves com-
plete fracturing of the original particles (i.e. parent particles) to
form a group of smaller, daughter particles. ‘Critical’ collisions
causing fragmentation typically occur through direct high-
energy impact with other particles or with a hard surface at, or
above, a threshold velocity (e.g. Dufek et al. 2012). Abrasion is
a less energetic process wherein the rough edges or asperities of
the parent (and daughter) particles are rounded off to produce
particles with smoother surfaces and morphologies. A conse-
quence of abrasion processes is parent grain size reduction by
the production of very fine particles, often measuring ≤10 μm.
There are several factors that control the rates of attrition
and they can be broadly divided into two groups: particle
properties and environmental factors (Bemrose and
Bridgwater 1987). Particle properties include, but are not lim-
ited to size, shape, surface texture, size distribution, hardness,
and the presence (or absence) of internal defects.
Environmental factors affecting rates of attrition include par-
ticle residence times, particle concentrations, temperature,
pressure, and differential velocities between colliding particles
or between particles and a confining wall. Attrition is most
successful when differential velocities are high, particle con-
centrations are high, parent particle shapes are irregular, resi-
dence times are long and particle size distributions are poorly
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sorted (e.g. Forsythe and Hertwig 1949; Bemrose and
Bridgwater 1987; Ray et al. 1987; Xiao et al. 2011; Knight
et al. 2014; Xiao et al. 2014; Jones et al. 2017).
Particle attrition affecting kimberlitic minerals operates in
several different environments between the lithospheric man-
tle and the site of kimberlite extraction on the Earth’s surface
(Fig. 1). Mantle-derived olivine is the dominant constituent of
kimberlite (Mitchell 1986; Mitchell 1995) and commonly
shows strong evidence for reshaping during transport, erup-
tion and re-sedimentation (Reid et al. 1975; McCandless
1990; Arndt et al. 2006; Afanas’ev et al. 2008; Holden et al.
2009; Jerram et al. 2009; Arndt et al. 2010; Moss et al. 2010;
Moss and Russell 2011; Jones et al. 2014; Brett et al. 2015).
On that basis, our study focusses on olivine attrition. Olivine
has poor cleavage and often displays brittle conchoidal frac-
ture. Attrition of olivine occurs in many parts of the
Bkimberlite system^ (Fig. 1) and has import for (1) tracing of
indicator minerals in reworked and transported kimberlite ma-
terials, (2) interpretation of volcaniclastic deposits of kimber-
lite based on grain size and shape analysis, (3) understanding
diamond grade distributions in volcaniclastic kimberlite de-
posits (Harvey et al. 2013), and (4) establishing the conditions
(transport regime and duration) attending kimberlite transport
during ascent through the lithosphere.
The ascent of kimberlite magma is considered to be fast
relative to most other terrestrial magmas with estimates vary-
ing between ~1 to 10’s m s−1, corresponding to total average
transit times of <10 h to ~2 days (McGetchin et al. 1973;
Eggler 1989; Sparks et al. 2006; Wilson and Head 2007).
There is strong evidence and general acceptance that the buoy-
ancy supporting rapid ascent derives from the presence of an
exsolved fluid (e.g. Russell et al. 2012; Sparks 2013; Stone
and Luth 2016). The exsolution of a low-density volatile
phase reduces the magma’s bulk density, provides buoyancy,
and promotes accelerated ascent creating fast-moving, poten-
tially-turbulent, suspensions of melt, fluid and mantle cargo
(e.g. Sparks et al. 2006; Wilson and Head 2007; Arndt et al.
2010; Russell et al. 2012). As advanced by Jones et al. (2014)
and Brett et al. (2015), this environment, attending the trans-
port of kimberlite magma, is ideal for efficient attrition of the
abundant mineral grains liberated by mantle xenolith breakup.
They suggested that the rounded shapes and abraded surfaces
of mantle-derived xenocrystic minerals are a strong indicator
of turbulent ascent of kimberlite magmas through the litho-
spheric mantle and within subsurface feeder dykes. However,
the exact depths at which CO2 saturation occurs in the mantle
lithosphere remains a matter of debate and is highly dependent
on many intrinsic variables such as the melt composition,
temperature and original CO2 content (e.g. Eggler 1989;
Wilson and Head 2007; Russell et al. 2012; Brett et al.
2015; Stone and Luth 2016; Stamm and Schmidt 2017).
Rapid turbulent transport of kimberlite through the mantle
lithosphere represents an important environment for physical
modification of xenocryst shapes, sizes and surfaces.
However, xenocryst properties will continue to be modified
during emplacement and eruption and during and after kim-
berlite deposition. Pipe forming and pipe filling phases of
eruption produce a wide range of volcaniclastic lithofacies
including primary pyroclastic vent-proximal deposits to
significantly reworked kimberlite-rich sediments (e.g.
Stiefenhofer and Farrow 2004; Brown et al. 2009;
Porritt and Cas 2009; Buse et al. 2011; Porritt and Cas
2011; Sparks 2013).
The explosive phase of kimberlite eruption can result in
olivine fragmentation and, in fact, the shapes of olivine (e.g.
fractured) can be critical elements to identifying pyroclastic
deposits (Moss et al. 2008; Buse et al. 2011; van Straaten et al.
2011). High energy explosive eruption environments occur
during: i) the onset of the eruption (e.g., brecciation of near-
surface crustal rock), ii) the pipe excavation phase of eruption
(e.g. Brown et al. 2008; Barnett 2008), iii) rapid decompres-
sion and continued volatile expansion in the conduit (e.g.,
sustained eruption), iv) the generation of dilute surge currents
(e.g., phreatomagmatic explosive events; Porritt et al. 2013),
and v) during the fluidization of pyroclastic infill (e.g., mas-
sive volcaniclastic kimberlite) (Sparks et al. 2006; Walters
et al. 2006; Gernon et al. 2009b). Volatile expansion in the
conduit creates a rapidly rising, turbulent, fluid-particle sus-
pension that supports entrainment of juvenile pyroclasts, man-
tle crystal cargo and accessory lithic fragments into the erup-
tion plume. This represents another, environment for particle
attrition (Dufek et al. 2012; Jones and Russell 2017). More
importantly, collapse of the eruption plume can generate py-
roclastic density currents and/or surges (Moss et al. 2008;
Porritt et al. 2008; Gernon et al. 2009a; Porritt and Cas
2011; Sparks 2013) which are high-energy environments ca-
pable of particle reshaping and resizing. Previous studies of
attrition processes in silicic pyroclastic density currents
(PDCs) have documented the effects of attrition on pumice
during transport (Manga et al. 2011; Kueppers et al. 2012),
and the abrasive stripping of glass from crystal surfaces
(Meyer 1971; Jones et al. 2016). Logically, these studies have
shown attrition rate to decrease with distance from the vent,
reflecting the dissipation of energy with transport distance
(Dufek and Manga 2008).
Kimberlite deposits and the components within the de-
posits are all susceptible to post-eruption processes (e.g. re-
sedimentation). Attrition of kimberlite indicator minerals dur-
ing transport within glacial and fluvial systems is of interest to
diamond exploration because of its capacity to inform on dis-
tances to the source kimberlite pipe (McCandless 1990;
Afanas’ev et al. 2008; Afanasiev et al. 2011; Afanasiev and
Pokhilenko 2013). Several experimental studies have
established the relative attrition susceptibility of different kim-
berlite indicator minerals (e.g., garnet, ilmenite, pyroxene) by
using experimental duration as a proxy for transport distance.
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Using an ultrasonic dispenser Afanas’ev et al. (2008) were
able to quantify the relative abrasion stability of different min-
eral phases. In decreasing stability, they report the following
order: diamond, pyrope, olivine, picroilmenite, apatite, kim-
berlite (rock fragments). Cummings et al. (2014), experimen-
tally abraded pyrope, chrome diopside and ilmenite grains in a
tumbling mill and found that the pyrope grains abraded the
easiest and in two stages. Firstly, by the removal of a kelyphite
rim by surface abrasion and then, secondly, by grain breakage
(fragmentation) along internal defects. Furthermore, the
concept of grain size modification and the inherent particle
size distribution evolution accompanying fluvial transport
has been used to evaluate the diamond grade in placer-style
deposits (e.g. Sutherland 1982). Lastly, we note that, grain size
reduction by attrition can occur during mining and extraction
processes and often contributes a significant economic loss via
the breakage of diamonds (Armstrong 2017).
Within any geological environment, the nature of particle-
particle interactions can be highly variable. However, to a
first-order, attrition operates as two contrasting styles: (1)
Melt source
 region
e.g. Fluvial or glacial 
transport
(A) Transport within the conduit and 
eruption plume
(E) Diatreme creation and 
subsequent in-pipe processes.
(B) Transportation within
Fluvial Transport
The “kimberlite factory”
(after Brett et al., (2015))
(F) Turbulent volatile-rich dyke head
(G) Lagging tail of the dyke
(C) Sedimentological transport 
(D) Mining
operations.
Fig. 1 Schematic diagram of the Bkimberlite system^, illustrating where
attrition processes can operate. a Transport within the conduit and
eruption plume supports particle attrition. b Transportation within
pyroclastic flows. c Low energy particle-particle interactions in the form
of sedimentological bedload transport (e.g. traction). d Mining
operations. e Creation of the diatreme and subsequent eruption and
remobilisation events within the pipe. f Turbulent volatile-rich dyke head
wherein xenocrysts are subject to a high energy, high velocity, turbulent
environment. g Lagging tail of the dyke wherein further grain rounding
may occur at relatively low energy, with particles in near-continual
contact
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lower energy sustained abrasive contacts and (2) high veloc-
ity, transient particle-particle or particle-wall interactions.
Here, we use experiments on olivine in a tumbling mill and
a fluidized bed, respectively, to investigate and compare these
two styles of attrition. Our experiments focus on the attrition
of olivine, the dominant mantle phase in kimberlite, however,
the fundamental principles we address here are pertinent to the
attrition of all mantle-derived phases.
Methods
Pre-experiment sample characterization
Commercially-produced olivine sands, extracted from the
mining of dunite, were purchased from the United Western
Supply Company, Seattle (Uniwest), and from Luossavaara-
Kiirunavaara Aktiebolag (LKAB) minerals (see Tables 1 and
2). Prior to experimentation, the olivine sand was washed to
remove any adhering fine fragments left over from production
and dry-sieved to two different restricted ranges of grain size:
1–2 mm (Uniwest olivine) and 250–500 μm (LKAB olivine).
After this initial preparation, an aliquot of olivine grains
from these size fractions was measured for density. We used
a Micrometrics Accupyc II 1340 Helium Pycnometer to
measure the sample volume and an analytical balance to
measure the mass. Using this technique, we report olivine
grain density values of 3256.9 kg m−3 and 3304.9 kg m−3
for the Uniwest and LKAB olivine, respectively. We also
used the chemical compositions determined by X-Ray flo-
rescence (ALS Chemex; Table 1) and mass balance calcula-
tions to estimate the optimal olivine content (wt%) and ol-
ivine composition (Fo; mol%) of the washed olivine sands
(Table 2).
Attrition experiments
In this study, two types of attrition experiments were per-
formed providing two distinct types of particle-particle inter-
action. Firstly, experiments were performed in a tumbling mill
(Fig. 2a), where all of the input particles (feed) remain in near
continual contact. In each of these experiments 120 g of
Uniwest olivine was loaded into the drum of the tumbling mill
and sealed to ensure no particles could escape. The drum was
then placed on the roller bars and left for a prescribed amount
of time rotating at 32 revolutions per minute (rpm). We con-
ducted experiments in the tumbling mill for durations of 0.25,
0.5, 1, 2 4, 5.28, 7.22, 10, 21 and 29.83 days.
Secondly, experiments were performed in a fluidized bed
(Fig. 2b), wherein the particles were turbulently suspended in
a gas jet. This apparatus consists of a feeding compressed air
gas supply passed through a calibrated FMA5526 Omega gas
flow meter into the base of the vertical attrition tube. At the
tube base (inset; Fig. 2b), there is a distributor plate containing
~ 40 evenly spaced holes to break-up the gas and provide an
even flux suspending the particles above. The particle-particle
interactions occur in the 120 cm long vertical transparent plas-
tic attrition tube situated above the distributor plate; the verti-
cal attrition tube is connected to an elbow joint with a down-
ward return to a water reservoir designed to ensure that no
fines escape the system. In this study, 70 g of (LKAB) olivine
grains were loaded onto the distributor plate and, then, sub-
jected to a gas feed of 85.5 L min−1 for times of 0.5, 1, 2, 4.5,
6.3, 12.5, 24 and 32 h.
Post-experiment sample characterization
At the end of each experiment all the experimental run prod-
ucts were carefully collected and sieved using a standard stack
of Tyler sieves. After each experiment, the apparatuses were
flushed with deionised water over a 63 μm sieve to ensure that
all of the fine particles were captured. The grain size distribu-
tions of all particles <63 μm, suspended in the wash water,
were measured using a Malvern Mastersizer 2000 with the
Hydro 2000Mu water dispersion module attached. In order
to convert the volumetric measurement made by the
Mastersizer to mass values (g), a known amount of 63–
125 μm olivine was added to the sample. Using a pump speed
of 1900 rpm, a refractive index of 1.7 and an absorption
Table 1 Chemical
compositions (wt%) of
olivine sand used in this
study
Provider Uniwest LKAB
SiO2 41.77 41.68
Al2O3 0.26 0.27
Cr2O3 0.45 0.22
FeO 9.35 8.30
MnO 0.12 0.1
MgO 47.9 49.7
CaO 0.19 0.05
Na2O 0.12 0.06
K2O 0.01 0.02
Total 100.17 100.40
Bulk XRF analysis by ALS Chemex
Table 2 Model olivine wt% and composition (Fo) in commercial
Bolivine sand^ used in this study and residual sum of squares (RSS) on
model
Provider Uniwest LKAB
Fo [mol%] 89.8 91.2
Olivine [wt%] 99.2 99.8
RSS 2.69 0.78
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coefficient of 0.1, an aliquot of the attrition sample was added
to the dispersion module and measured three times. An ultra-
sonic pulse was applied to the sample for 2 s before the mea-
surement to prevent particles from aggregating in the water
suspension. For each experimental product, three separate al-
iquots were taken, each measured three times.
To document the morphology of the olivine grains and how
they change during attrition we analyzed the largest grain size
fraction from both the tumbling mill (1–2 mm) and the fluid-
ized bed (250–500 μm) experiments. For each controlled ex-
periment (i.e. time and condition; Table 3) between 10 and 20
grains were selected from each run product and mounted for
study of grain shapes and surfaces. Using a Hitachi SU-70
scanning electron microscope (SEM) and a 5 kVaccelerating
voltage, scanning electron images were taken at a range of
magnifications.
For the tumbling mill experiments we used images of
grains >1 mm to track the change in grain shape as a function
of residence time. Specifically, 150 grains from the feeding
size class (1–2 mm) were randomly selected and individually
photographed under a binocular microscope with an intense
backlight. Then, using the software, ImageJ (http://rsbweb.
nih.gov/ij/) a threshold was applied to the images to separate
the grain from the image background. The images were then
converted to binary masks. This 2-D projection of the grain
was quantified for circularity which serves as a metric for
extent of abrasion:
Circularity ¼ 4πA=P2 ð1Þ
where A [mm2] is the projected area and P [mm] is the grain
perimeter. This shape factor is bounded such that values of 1
represent a perfect circle.
Results
Tumbling mill experiments
Grain size distribution changes within the tumbling mill run-
products are shown in Fig. 3. The parent feed abundance (1 to
2 mm) is systematically reduced with increased residence time
in the tumbling mill (black triangles; Fig. 3a). However, this
reduction is non-linear with respect to time; the grains expe-
rience a rapid period of attrition within the first ~5 days and
thereafter attrition appears to slow once the input grains have
been reduced by ~2.5 wt%. The mass of daughter products
(fragments <1 mm in diameter) increases systematically, also
in a non-linear manner, with increased attrition time (grey
circles; Fig. 3a). After long residence times (>5 h) the mass
of daughter products does not increase and reaches a stable
value of ~ 3.2 g. In some cases, the parent mass decay and
subsequent increase in daughter abundance is not systematic
(e.g. data at 504 h; 21 days), this may result from small olivine
fragments adhering to these larger grains. By comparing the
restricted 1–2 mm grain size range of the input (parent) mate-
rial to the experimental run products after 30 days (the longest
19.8 cm
Motor
Rubber 
seal
Typical 
charge 
volume
b
a
Base cross section:
Collection
pail
H2O
Air valve
See base cross section
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Attrition 
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Fig. 2 The experimental apparatuses used in this study: (a) Tumbling
mill: a rotating mill with a hexagonal cross-section and closed on one
end by a transparent window and a rubber seal. The drum measures
15.2 cm in diameter and was loaded (charged) with 120 g of Uniwest
olivine in this study. The approximate loading volume is drawn in the
inset. b Fluidized bed: gas is supplied from a compressed air supply
through a calibrated flow meter, at a user-determined flow rate
(85.5 L min−1 in this study), into the Battrition tube^ where the particle-
particle interactions take place. A series of tubes, connectors and a water
reservoir ensure no run-product is lost and all the sample can be recovered
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duration investigated), it can be seen that grains 500 μm to
1 mm in diameter contribute most of the daughter product
mass (Fig. 3b). Furthermore, a secondary mode is observed
at grain diameters <7.88 μm.
The original olivine grains have an angular morphology
and most external surfaces show conchoidal fracture
(Fig. 4a). These initial features are inherited from the mining
process wherein the dunite rocks are crushed and sieved to a
range of industrial size classes. The starting material proper-
ties are similar to, although not identical, to the mantle mate-
rial liberated at the crack-tip of the ascending dyke (e.g. Jones
et al. 2014; Brett et al. 2015). In the tumblingmill experiments
these sharp exterior edges become increasingly rounded with
time and small olivine chips/fragments are observed to adhere
to the grain surface. The surfaces of the grains become
rough at the micron scale (~10’s of μm) and feature mul-
tiple hemi-spherical chips and pits (Fig. 4b). We used
image analysis to quantify the changes in morphology as
a function of attrition time (Fig. 4c). The original grains
have a starting circularity value of 0.681 and, as they
become rounded, their circularity increases with residence
time. Similar to the grain size data (Fig. 3), the shape
modification is exponential with respect to time. In the
first ~7 days grains rapidly round to reach a circularity
of 0.726, after which the rate of rounding decreases and
after a further 23 days of tumbling circularity values are
only marginally increased (0.733). We note that the anom-
alous data point at 240 h (10 days) can be correlated with
a small (0.2 g) loss of material during the experiment.
Fluidized bed experiments
The grain size data from the fluidized bed experiments are
presented in the same way as the tumbling mill datasets
Table 3 Summary of
experiments conducted in this
study
Type of experiment Fo [mol%] Input size range [mm] Input mass [g] Duration [h]
Tumbling mill 89.8 1—2 120.01 6.0
89.8 1—2 120.02 12.0
89.8 1—2 120.03 24.0
89.8 1—2 120.06 48.0
89.8 1—2 120.01 96.0
89.8 1—2 120.34 126.7
89.8 1—2 120.32 173.3
89.8 1—2 120.02 240.0
89.8 1—2 120.01 504.0
89.8 1—2 118.58 715.9
Fluidized bed 91.2 0.25—0.5 69.9 0.5
91.2 0.25—0.5 69.9 1.0
91.2 0.25—0.5 70.1 2.0
91.2 0.25—0.5 70.0 4.5
91.2 0.25—0.5 70.5 6.3
91.2 0.25—0.5 70.4 12.5
91.2 0.25—0.5 69.9 24.0
91.2 0.25—0.5 70.1 32.0
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Fig. 3 a Results of the grain size measurements on products from the
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against the attrition time in hours. b Grain size distribution of the run
products from the 30 day experiment (longest duration investigated),
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(Fig. 5). Again, the parent feed abundance (initially 70 g of
500 μm to 1 mm) is systematically reduced in an expo-
nential manner with increased residence time (black
triangles; Fig. 5a). The period of rapid, initial attrition
occurs within the first 4.5 h and reduces the feed
abundance to ~90%. Also, the mass of daughter fragments
produced (grey circles; Fig. 5a) rapidly increases to 7.4 g
within the first 4.5 h and thereafter reaches a stable value
of ~8.0 g. Again, to observe how the grain size distribu-
tion changes with attrition, the grain size distribution of
the run products from the longest duration experiment
(32 h) is plotted with reference to the initial feed (Fig.
5b). Grains with diameters between 500 and 250 μm con-
stitute most of the daughter mass (~10 wt%) and like with
the tumbling mill data a second mode is observed at
<7.88 μm.
Morphological changes were documented via scanning
electron microscopy for olivine grains measuring between
500 μm to 1 mm in diameter. The overall grain morphology
(left panel; Fig. 6) progressively changes from an irregular
shape with sharp edges to a sub-rounded grain with increased
attrition time. The higher magnification images document the
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Fig. 4 Shapes and surfaces of the olivine grains attritted in the tumbling
mill. a Scanning electron image of a starting feeding (0 days) olivine
grain. b Scanning electron image of an olivine grain after 30 days of
attrition in the tumbling mill. c Quantification of how olivine grain
circularity changes with increased attrition
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Fig. 5 a Results of the grain size measurements on products from the
fluidized bed. Both the percentage mass remaining in the feed grain size
bin (500 μm - 1 mm; black triangles; left axis) and the mass of daughter
products, i.e. grain sizes smaller than the feed (grey circles; right axis), are
plotted against the attrition time in hours. b Grain size distribution of the
run products from the 32 h experiment (longest duration investigated),
with reference to the input feed
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evolution of the olivine crystal surfaces (right panel; Fig. 6). In
chronological order, the parent crystals have sharp, straight
exterior edges and at higher magnification, their surfaces com-
monly feature river lines, hackle marks and evidence of
conchoidal fracture (highlighted by white arrows). After
30 min, the exterior edges of the grain become more
rounded and the surfaces begin to exhibit small adhering
olivine fragments. After 12.5 h, the number of adhering
fragments is dramatically increased and signs of surface
fracture become abundant. An example of this is the cen-
tral pit found in the 12.5 h olivine (Fig. 6). This fracture is
interpreted to be recent as there are no adhering fine par-
ticles. Lastly, after 32 h the pits and chips also become
smoothed and coated in small olivine fragments. These
fine particles that commonly adhere to larger grains are
thought to account for any non-systematic variations in
grain size (Fig. 5).
Analysis and discussion
Rates of attrition
Both our datasets show that attrition is non-linear with respect
to time. This is a well-known phenomenon and was first
modelled by Gwyn (1969) as
md=m0 ¼ ktx ð2Þ
where md is the mass of daughter particles, m0 the mass of
parent feed, t is particle residence time and k and x are con-
stants. Since this early model, workers have used comminu-
tion theory to shape three energy based models named after
the proponents: the Rittinger (von Rittinger 1867), Kick (Kick
1885), and the Bond (Bond 1952) models. These three models
have been used with variable success to describe attrition
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phenomena but generally underestimate the energy required
for attrition (Rhodes 2008). Furthermore, the Gwyn (1969)
model produces unrealistic infinite time limits. On that basis,
we use the empirical model of Jones et al. (2017)
md=m0 ¼ a 1–e–bt
  ð3Þ
where a is the infinite-time attrition limit and b is the attrition
rate constant [h−1]. Eq. 3 predicts attrition as a function of time
for a model where the energy input into the system remains
constant (e.g. the rotation rate of the tumbling mill remains
constant).
The results of fitting the Jones et al. (2017) model to our
new experimental data are shown in Fig. 7. These models
show that the tumbling mill (Fig. 7a) is capable of producing
a daughter to parent mass ratio of 0.025 at infinite times and
has an attrition rate constant (b) of 0.075 h−1. Whereas the
fluidized bed (Fig. 7b) has a and b constants that are one order
of magnitude larger: 0.117 and 0.886 h−1 respectively. We
interpret this difference to result from the different conditions
that the olivine grains experience. It is known that the differ-
ential velocity between particles or objects (e.g. container
walls) at impact is one of the main factors governing attrition
(Bemrose and Bridgwater 1987). Higher differential velocities
make attrition more successful. As a comparison, we can cal-
culate the differential velocity an olivine grain may experience
in each experimental set-up. For simplicity, in both cases we
assume the differential velocity to be upon contact with a static
part of the apparatus. In the case of the tumbling mill, the
rotation speed was measured to be 32 rpm, this corresponds
to an olivine grain velocity of 0.28 m s−1. For the fluidized
bed, videos of an experiment were taken and subsequently
used to track the evolution of the particle front during an
experiment. Ten repeat measurements gave an average veloc-
ity of 0.86 m s−1. We hypothesize that, in this case, this vari-
ation in particle velocity explains the increased attrition effi-
ciency within the fluidized bed. However, it is important to
note that differential particle velocity is not the sole factor that
effects attrition. In other situations, or systems, attrition rate
can be controlled by other variables. Examples include: the
feeding grain size distribution; temperature and the particle
concentration.
Mechanisms of attrition
As previously stated, attrition takes two forms: fragmentation
and abrasion. The grain size data from both experimental
methods show that most of the size reduction occurs by
rounding of the parental feed and the simultaneous of produc-
tion of fines. We therefore interpret that abrasion is the main
form of attrition in both the tumbling mill and the fluidized
bed. This interpretation is further supported by the SEM im-
agery; the surfaces of the parent feed are found to have impact
chips and pits that increase in abundance with increased time.
Also, with increased residence time in the apparatus grains
exhibit a greater number of adhering fine fragments. We inter-
pret these fragments to be the products of abrasion. We sug-
gest that under our experimental conditions most of the grain
differential velocities are not above the Bcritical^ velocity for
fragmentation to occur (e.g. Dufek et al. 2012). Furthermore,
if fragmentation dominated we would observe a sub-
population of grains at an intermediate grain size – this is
not observed.
In the few instances where olivine surfaces are fresh
enough to be observed in the rock record they also show
evidence for abrasion to be the dominant attrition process
(Jones et al. 2014; Brett et al. 2015). Specifically, Jones
et al. (2014) present a series of SEM images from olivine
grains originally located in within a lava flow. All the
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Fig. 7 Attrition rate plots, after Jones et al. (2017), for the tumbling mill
(a) and the fluidized bed (b). Where the mass ratio of daughter fragments
(md) to parent feed (m0) is plotted against the attrition time in hours. To
aid comparison between the datasets, in plot (b) the tumbling mill model
curve is shown by a dashed line
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grains are highly rounded and their surfaces exhibit sev-
eral hemi-spherical chips and numerous pits (as observed
in Figs. 4 and 6). This further supports the hypothesis that
mechanical particle-particle interactions modify the man-
tle crystal cargo during portions of the subsurface kimber-
lite ascent prior to effusive lava flow emplacement.
However, the experimental products from both the tum-
bling mill (circularity of ~0.73) and the fluidized bed do
not appear as rounded as those reported from the Igwisi
Hills volcano (circularity of ~0.85; Jones et al. 2014). We
therefore suggest that conditions attending parts of kim-
berlite ascent are likely to be of higher energy relative to
the experiments described in this study.
Conclusions
In this study, we have performed a series of attrition experi-
ments on the mineral, olivine. Our experiments have informed
on the attrition potential within two different energy environ-
ments, which are both relevant to different parts of the kim-
berlite system (Fig. 1). The tumbling mill resembles relatively
low energy environments where the interacting particles are
kept in near-continual contact (e.g. sedimentary bed load
transport in rivers), whereas the fluidized bed subjects parti-
cles to higher energy environments within a gas (e.g. the gas/
fluid-rich head of an ascending dyke).
Grain size data and SEM imagery have allowed us to show
that abrasion is the dominant form of attrition under our ex-
perimental conditions. Grain size reduction predominantly oc-
curs through grain rounding and the simultaneous production
of small surface-derived chips. In both environments, the mass
of daughter products produced is non-linear with respect to
time and can be modelled in the form md/m0 = a (1 – e
–bt)
where a and b are the infinite time limit and the attrition rate
constant respectively. Due to greater differential particle
velocities, these constants are an order of magnitude
larger in the fluidized bed relative to the tumbling mill.
Finally, we suggest that attrition rate models, like the
ones presented here, could be used in the future to
Bforensically^ assess the transport conditions of enigmat-
ic kimberlite processes: e.g. what are the rates and dura-
tions of magma ascent?
Acknowledgements We thank Mila Huebsch, Camilo Romero, Alex
Wilson, Amy Ryan and David Sasse for their assistance with the exper-
iments and sample characterization. Constructive comments by Don I.
Cummings, an anonymous expert and editor Bruce Kjarsgaard helped to
improve the manuscript. T.J.J. was funded by Natural Environment
Research Council, U.K., grant NE/L002590/1 and an International
Kimberlite Conference grant. J.K.R. acknowledges funding from
the Natural Sciences and Engineering Research Council of Canada
Discovery Grants and Discovery Accelerator Supplements pro-
grams (15841).
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
References
Afanas’ev VP, Nikolenko EI, Tychkov NS et al (2008) Mechanical abra-
sion of kimberlite indicator minerals: experimental investigations.
Russ Geol Geophys 49:91–97
Afanasiev VP, Pokhilenko NP (2013) Wear of diamond: an experimental
study and field evidence. In: Proceedings of 10th International
Kimberlite Conference. pp 317–321
Afanasiev VP, Pokhilenko NP, Lobanov SS (2011) Placer diamond po-
tential of the Siberian craton: possible sources and ages. Geol Ore
Depos 53:474–477
Armstrong J (2017) Karowe Diamond Mine: A world-class source of
large exceptional diamonds. 11th Int Kimberl Conf Ext Abstr 3
Arndt NT, Boullier A-M, Clément J-P et al (2006) What olivine, the
neglected mineral, tells us about kimberlite petrogenesis. eEarth
Discuss 1:37–50
Arndt NT, Guitreau M, Boullier A-M, le Roex A, Tommasi A, Cordier P,
Sobolev A (2010) Olivine, and the origin of kimberlite. J Petrol 51:
573–602
Barnett W (2008) The rock mechanics of kimberlite volcanic pipe exca-
vation. J Volcanol Geotherm Res 174:29–39
Bemrose CR, Bridgwater J (1987) A review of attrition and attrition test
methods. Powder Technol 49:97–126
Bond FC (1952) The third theory of comminution. Trans AIME,Min Eng
193:484–494
Brett RC, Russell JK, Andrews GDM, Jones TJ (2015) The ascent of
kimberlite: insights from olivine. Earth Planet Sc Lett 424:119–131
Brown RJ, Gernon T, Stiefenhofer J, Field M (2008) Geological con-
straints on the eruption of the Jwaneng Centre kimberlite pipe,
Botswana. J Volcanol Geotherm Res 174:195–208
Brown RJ, Tait M, Field M, Sparks RSJ (2009) Geology of a complex
kimberlite pipe (K2 pipe, Venetia mine, South Africa): insights into
conduit processes during explosive ultrabasic eruptions. Bull
Volcanol 71:95–112
Buse B, Sparks RSJ, Field M, Schumacher JC, Chisi K, Tlhaodi T (2011)
Geology of the BK9 kimberlite (Damtshaa, Botswana): implications
for the formation of dark volcaniclastic kimberlite. Bull Volcanol 73:
1029–1045
Cummings DI, Kjarsgaard BA, Russell HAJ, Sharpe DR (2014)
Comminution of indicator minerals in a tumbling mill: implications
for mineral exploration. Geol Surv Canada Open File 18
Dufek J, MangaM (2008) In situ production of ash in pyroclastic flows. J
Geophys Res Solid Earth 113:2156–2202
Dufek J, Manga M, Patel A (2012) Granular disruption during explosive
volcanic eruptions. Nat Geosci 5:561–564
Eggler DH (1989) Kimberlites: how do they form. Kimberlites Relat
rocks in: J. Ross (Editor), Kimberlites and Related Rocks.
Geological Society of Australia Special Publication, pp 489–504
ForsytheWL, HertwigWR (1949) Attrition characteristics of fluid crack-
ing catalysts. Ind Eng Chem 41:1200–1206
Gernon TM, Fontana G, Field M, Sparks RSJ, Brown RJ, Mac Niocaill C
(2009a) Pyroclastic flow deposits from a kimberlite eruption: the
Orapa South Crater, Botswana. Lithos 112:566–578
Gernon TM, Gilbertson MA, Sparks RSJ, Field M (2009b) The role of
gas-fluidisation in the formation of massive volcaniclastic kimber-
lite. Lithos 112:439–451
T. J. Jones, J. K. Russell
Gwyn JE (1969) On the particle size distribution function and the attrition
of cracking catalysts. AIChE J 15:35–39
Harvey S, Read G, DesGagnes B, et al (2013) Utilization of olivine
macrocryst grain size and abundance data as a proxy for diamond
size and grade in pyroclastic deposits of the Orion South Kimberlite,
Fort à La Corne, Saskatchewan, Canada. In: Proceedings of 10th
International Kimberlite Conference. pp 79–95
Holden EJ, Moss S, Russell JK, Dentith MC (2009) An image analysis
method to determine crystal size distributions of olivine in kimber-
lite. Comput Geosci 13:255–268
Jerram DA, Mock A, Davis GR, Field M, Brown RJ (2009) 3D crystal
size distributions: a case study on quantifying olivine populations in
kimberlites. Lithos 112:223–235
Jones TJ, Russell JK (2017) Ash production by attrition in volcanic con-
duits and plumes. Sci Rep–UK 7:5538
Jones TJ, Russell JK, Porritt LA, Brown RJ (2014) Morphology and
surface features of olivine in kimberlite: implications for ascent pro-
cesses. Solid Earth 5:313–326
Jones TJ, McNamara K, Eychenne J, Rust AC, Cashman KV, Scheu B,
Edwards R (2016) Primary and secondary fragmentation of crystal-
bearing intermediate magma. J Volcanol Geotherm Res 327:70–83
Jones TJ, Russell JK, LimCJ, Ellis N, Grace JR (2017) Pumice attrition in
an air-jet. Powder Technol 308:298–305
Kick F (1885) Das Gesetz der proportionalen Widerstande und seine
Anwendungen. Reprinted 2010 by Kessinger Publishing, 130 pp
Knight A, Ellis N, Grace JR, Lim CJ (2014) CO2 sorbent attrition testing
for fluidized bed systems. Powder Technol 266:412–423
Kueppers U, Putz C, Spieler O, Dingwell DB (2012) Abrasion in pyro-
clastic density currents: insights from tumbling experiments. Phys
Chem Earth, Parts A/B/C 45:33–39
Manga M, Patel A, Dufek J (2011) Rounding of pumice clasts during
transport: field measurements and laboratory studies. Bull Volcanol
73:321–333
McCandless TE (1990) Kimberlite xenocryst wear in high-energy fluvial
systems: experimental studies. J Geochem Explor 37:323–331
McGetchin TR, Nikhanj YS, Chodos AA (1973) Carbonatite-kimberlite
relations in the Cane Valley Diatreme, San Juan County, Utah. J
Geophys Res 78:1854–1869
Meyer JD (1971) Glass crust on intratelluric phenocrysts in volcanic ash
as a measure of eruptive violence. Bull Volcanol 35:358–368
Mitchell RH (1986) Kimberlites: petrology, mineralogy and geochemis-
try, 1st edn. Springer Science + Business Media, New York, XVIII,
442 pp
Mitchell RH (1995) Kimberlites and Orangeites. In: Mitchel RH, kim-
berlites, orangeites, and related rocks. Springer, pp 1–90
Moss S, Russell JK (2011) Fragmentation in kimberlite: products and
intensity of explosive eruption. Bull Volcanol 73:983–1003
Moss S, Russell JK, Andrews GDM (2008) Progressive infilling of a
kimberlite pipe at Diavik, Northwest Territories, Canada: insights
from volcanic facies architecture, textures, and granulometry. J
Volcanol Geotherm Res 174:103–116
Moss S, Russell JK, Smith BHS, Brett RC (2010) Olivine crystal size
distributions in kimberlite. Am Mineral 95:527–536
Porritt LA, Cas RAF (2009) Reconstruction of a kimberlite eruption,
using an integrated volcanological, geochemical and numerical
approach: a case study of the Fox Kimberlite, NWT, Canada. J
Volcanol Geotherm Res 179:241–264
Porritt LA, Cas RAF (2011) The influence of complex intra-and extra-
vent processes on facies characteristics of the Koala Kimberlite,
NWT, Canada: volcanology, sedimentology and intrusive processes.
Bull Volcanol 73:717–735
Porritt LA, Cas RAF, Crawford BB (2008) In-vent column collapse as an
alternative model for massive volcaniclastic kimberlite emplace-
ment: an example from the Fox kimberlite, Ekati Diamond Mine,
NWT, Canada. J Volcanol Geotherm Res 174:90–102
Porritt LA, Russell JK, McLean H, et al (2013) A phreatomagmatic kim-
berlite: the A418 kimberlite pipe, Northwest Territories, Canada. In:
Proceedings of 10th International Kimberlite Conference, pp 97–
107
Ray Y-C, Jiang T-S, Wen CY (1987) Particle attrition phenomena in a
fluidized bed. Powder Technol 49:193–206
Reid AM, Donaldson CH, Dawson JB, Brown RW, Ridley WI (1975)
The Igwisi Hills extrusive kimberlites. Phys Chem Earth 9:199–218
Rhodes MJ (2008) Introduction to particle technology, 2nd edn. Wiley,
West Sussex
Russell JK, Porritt LA, Lavallée Y, Dingwell DB (2012) Kimberlite as-
cent by assimilation-fuelled buoyancy. Nature 481:352–356
Sparks RSJ (2013) Kimberlite volcanism. Annu Rev Earth Planet Sci 41:
497–528
Sparks RSJ, Baker L, Brown RJ, Field M, Schumacher J, Stripp G,
Walters A (2006) Dynamical constraints on kimberlite volcanism.
J Volcanol Geotherm Res 155:18–48
Stamm N, Schmidt MW (2017) Asthenospheric kimberlites: vola-
tile contents and bulk compositions at 7 GPa. Earth Planet Sc
Lett 474:309–321
Stiefenhofer J, Farrow DJ (2004) Geology of the Mwadui kimberlite,
Shinyanga district, Tanzania. Lithos 76:139–160
Stone RS, Luth RW (2016) Orthopyroxene survival in deep carbonatite
melts: implications for kimberlites. Contrib Mineral Petrol 171:1–9
Sutherland DG (1982) The transport and sorting of diamonds by fluvial
and marine processes. Econ Geol 77:1613–1620
van Straaten BI, Kopylova MG, Russell JK, Smith BHS (2011) A rare
occurrence of a crater-filling clastogenic extrusive coherent kimber-
lite, Victor Northwest (Ontario, Canada). Bull Volcanol 73:1047–
1062
von Rittinger PR (1867) Taschenbuch der Aufbereitungskunde. Ernst &
Korn
Walters AL, Phillips JC, Brown RJ, Field M, Gernon T, Stripp G, Sparks
RSJ (2006) The role of fluidisation in the formation of volcaniclastic
kimberlite: grain size observations and experimental investigation. J
Volcanol Geotherm Res 155:119–137
Wilson L, Head JW (2007) An integrated model of kimberlite ascent and
eruption. Nature 447:53–57
Xiao G, Grace JR, Lim CJ (2011) Attrition characteristics and mecha-
nisms for limestone particles in an air-jet apparatus. Powder Technol
207:183–191
Xiao G, Grace JR, Lim CJ (2014) Evolution of limestone particle size
distribution in an air-jet attrition apparatus. Ind Eng Chem Res 53:
15845–15851
Attrition in the kimberlite system
